The analysis of Sha'afi et aL (Sha'afi, Rich, Mickulecky, Solomon 1970 J Gen Physiol 55: 427-450) for determining solute permeability in red blood cells has been modified and applied to turgid plant cells.
In 1970, Sha'afi et aL (7) introduced a method of analyzing transients in cell volume of erythrocytes which allowed the determination of nonelectrolyte permeability. The analysis was based on the kinetics of the shrinking of erythrocytes following the addition of permeating solute to the medium. Since the osmoticum (Sha'afi et al. used urea) was permeable, the changes in volume measured by light scattering in a rapid stop-flow apparatus were transient, i.e. after a phase of shrinking due to the increase of the osmotic pressure of the medium, the cell volume reached a minimum and then increased again (because of the increase of internal osmotic concentration) to the original cell volume. Sha'afi et al. analyzed the vicinity of the minimum to evaluate the P,.3 They were also able to determine the a, and the Lp. In 1982 to 1983, Steudle and Tyerman (8) (9) (10) used the pressure probe technique (5, 13) to determine Ps of nonelectrolytes of plant cells. They measured the time course of P in individual higher plant cells (Tradescantia virginiana leaf epidermis [10] ) and giant algal cells (Chara corallina [8] ) in the presence of permeating osmotica. They also found two distinct phases, a rapid phase caused by water flow followed by a slower phase due to the equilibration of solute.
Pressure 
dnsi/dt is a measure of the solute flow across the membrane and since A is constant to a good approximation, dnsi/dt is given by: the membrane) will vanish for t = tmin. Thus, Jsmin has only a diffusional and no solvent drag component (see reviews, e.g. Ref.
13):
Combining Equations 5 and 6 yields 1 Vmin t(d2V PS = -(Cmns)2LYtsR d2)i (7) when Jv = 0, Equation 2 gives:
CMm' is related to C01, since C'. V = C0i. V0 = constant. For small volume changes (V0 = Vmin), it is valid that:
( dV)min Vm-in VO Hence, we obtain by using also Equation 1:
Combining Equations 7 to 10 yields (C0' -Co = Po/RT):
( 1 1) d2V/dt2 can be transformed into d2P/dt2 (Equation 1) to yield: -Lp(e + ir,') A k4. (13) k,, is the rate constant. Introducing Equation 13 into Equation 12 yields:
The internodes of C. corallina are nearly perfect cylinders with length (1) >> radius (R) so that Vmin/A = R/2 to a very good approximation. Since MATERIALS AND METHODS Mature internodes of Chara corallina were used which were dissected from plants which had been grown in APW (composition: 1 mM NaCl, 0.1 mM KCI, 0.1 mM CaC12, 0.1 mM MgCl2) in tanks containing a layer of pond mud (8) . The cells were freed from adjacent internodes and branches and fixed in a glass tube through which APW and the test solutions were pumped at high rates. The solutions around the cell were replaced almost instantaneously (speed of APW flow through the tube 30-40 cm * s-', length of internodes 40-100 mm), and by introduction of an air bubble in the glass tube between old and new solution, it was ensured that no mixing between solutions occurred. For the determination of Tw2, T7 ¶,2, a,, Lp, and Ps (from solute phase), the same procedures were used as described previously (8) (9) (10) In order to determine P. from (d2P)/dt'2)m,, (Equation 14) chart records of the pressure/time curves (Fig. 1) Table I values of P, obtained by the minimum method are compared with those obtained in the same experiment from the T7,1 of the solute phase. It can be seen from the table that the data obtained in the two different ways agreed and that they are also in agreement with previous measurements on C. corallina using the same solutes (8) . Table I The effect of external unstirred layers on P, should be small since stirring was high during the experiments. Steudle and Tyerman (8) estimated from stirring experiments that for C. corallina the effect of external unstirred layers could underestimate P, by up to 20% for ethanol, a rapidly permeating solute.
For the less permeable substances (formamide, dimethylformamide), the effect of external unstirred layers was negligible. Internal unstirred layers could be more important depending on the absolute value of P,. They originate from the fact that the cell interior can be considered to be a totally unstirred compartment (provided that cyclosis does not provide significant stirring, cf 8) in which diffusional unstirred layers will develop during the experiment. For the rapidly permeating solutes, internal unstirred layers should not be insignificant as indicated in our previous communication (8) , but their influence is perhaps ofan order which is similar to the variation from cell to cell. It is remarkable that the P, values obtained from the initial uptake of tracer (3) are similar to our values.
It can be concluded from the results that the solvent drag effect is indeed small. In the calculation of P, from the solute phase of pressure/time curves it has been assumed that the contribution ofsolvent drag to the total solute flow was negligible (8) (9) (10) Tables I and II) .
The origins of these deviations are not clear, but may be due to differences between cells and/or differences in the effects of unstirred layers (external and internal) between different experiments.
In conclusion, we think that the minimum method demonstrated here could be a useful tool for measuring solute permeability of plant cells. For isolated cells, the method yields values of Ps which are in agreement with those obtained with other methods.
Internal unstirred layers may have resulted in our values being an underestimate of the true value. However, the underestimation would not be large for slowly permeating solutes for which the turgor minimum method is particularly useful. For these substances (where the half-time of the solute phase can easily be of the order of hours), the method would save time and would reduce the danger of artifacts caused by the test solute being metabolized.
Complications due to external unstirred layers may arise when the method is applied to tissue cells. However, the apparent P, values obtained would still be of interest, since they would indicate the propagation of the solute through the various pathways in the tissue. This apparent permeability would determine the rate at which a tissue regains turgidity following an osmotic shock (e.g. by high salinity). Perhaps, it will be difficult to determine the true Ps of the cell membranes of tissue cells by the turgor minimum method; however, a knowledge of the characteristic T,/2 values (which incorporate the unstirred layers) would nevertheless be very important for osmoregulation phenomena (cf. 13).
